On 26 May 2003, intense rainfall from a series of thunderstorms in eastern North Carolina caused flooding that eventually destroyed the concrete dam in Hope Mills, draining Hope Mills Lake, and revealing a formerly submerged and buried structure that was identified as a timber crib dam. Inspection revealed these logs to be old-growth longleaf pines, which are now rare on the coastal plain landscape. Our primary objective was to develop a new multi-century longleaf pine tree-ring chronology by crossdating the tree rings from sections extracted from logs in the crib dam with an anchored tree-ring chronology created from nearby living longleaf pine trees. We also examined the climatic response in the longleaf pine trees to evaluate their potential for reconstructing climate. Using tree-ring measurements obtained from old-growth longleaf pines found at a nearby church, we were able to date the rings on 21 series representing 14 logs from the crib dam, spanning the years 1597 to 1825. Distorted sapwood in many of the logs prevented us from finding absolute cutting dates and lessened the strength of correlation during the period of overlap between the church series and crib dam series. Human disturbances, specifically related to the naval stores industry, likely influenced the growth-ring patterns of the crib dam pine samples, as well. Correlation analyses between the longleaf pine chronology and temperature, precipitation, Palmer Drought Severity Indices, and North Atlantic sea surface temperatures showed a significant response to cool and wet spring months.
INTRODUCTION
In the Southeastern U.S., dendrochronological techniques have been used to determine construction dates of historical structures (Bowers and Grashot 1976; Stahle 1979; Bortolot et al. 2001; Mann 2002; Grissino-Mayer and van de Gevel 2007) , infer past landscape vegetation patterns (Druckenbrod and Shugart 2004) , attain climate information that predates regional climate records (Grissino-Mayer 1993; Stahle et al. 1988; Fekedulegn et al. 2003) , and identify the historical frequency of forest disturbance events (Nowacki and Abrams 1997; Schuler and McClain 2003; Guyette and Spetich 2004; Rubino and McCarthy 2004) . In particular, dendrochronological research on historic structures is growing rapidly in the eastern U.S., largely because a need exists to authenticate and verify the construction dates of historic structures in the region (Mann 2002; Bannatyne 2005; Rosman 2005; Curtis 2006; Grissino-Mayer and van de Gevel 2007) . However, more and more, these historical structures are being used to extend modern tree-ring chronologies into the 16th and 17th Centuries, both to help date other historical structures and prehistoric archaeological sites (Stahle 1979) and create longer chronologies to infer past climate on century time scales. Modern chronologies from long-lived tree species often overlap with oldgrowth timbers from these structures to help provide probable dates of construction.
Before European settlement, open-canopied forests dominated by longleaf pine (Pinus palustris Mill.) occurred in communities throughout most of the southern Atlantic and Gulf Coastal Plains of the southeastern U.S. where fire commonly occurred (Platt et al. 1988; Christenson 2000) . Beginning in the 17th Century, longleaf pine ecosystems began to deteriorate after extensive removal of trees for the naval stores industries and for timber, a practice that intensified in the 18th Century and the first half of the 19th Century. Other intensive land-use practices, such as livestock grazing, agricultural clearing, and the introduction of hogs, further resulted in the loss of old-growth longleaf pine forests, reducing the number of living trees that could provide tree-ring information on the ecological and cultural history of the Southeastern U.S. Only 3% of the longleaf pines present on the Coastal Plain landscape prior to European settlement remain today (Simberloff 1993; Noel et al. 1998) .
Despite the scarcity of old-growth longleaf pines, the species is considered ideal for dendrochronological research in the Southeastern U.S. because it is long-lived, its wood remains wellpreserved after death (partly because of large amounts of resin), and it shows high sensitivity to climate variations. Previous studies showed that longleaf pine radial growth is particularly sensitive to drought (Devall et al. 1991, Foster and Brooks 2001) and to winter and spring precipitation (Meldahl et al. 1999) . The El Niñ o-Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO), and the North Atlantic Oscillation (NAO) have also been shown to significantly affect longleaf pine growth on the Coastal Plain (Henderson 2006) . The dendrochronological value of longleaf pine has spawned considerable interest in locating sites where old-growth longleaf pines or their remnants might be found.
On 26 May 2003, a series of thunderstorms caused 15 to 23 cm of rain to breach dams in the watershed of Rockfish Creek in Cumberland County, North Carolina (North Carolina Geological Survey 2007). In Hope Mills, North Carolina, these heavy rains filled Hope Mills Lake, but the sluice gates on the spillway failed to open, causing the earthen portions of the dam to breach and the lake to drain rapidly. As the lake drained, the original channel of Little Rockfish Creek and its floodplain were exposed, revealing many large pine stumps from what once was an extensive forest of longleaf pines. To everyone's surprise, the draining of the lake also revealed several curious structures, including a log crib structure built of large cross-stacked logs (Figure 1 ). The log crib was an interior support structure for an earthen dam placed across Little Rockfish Creek. The crib provided structural integrity to the dam, and was filled and covered with earth. Timber crib construction was a common feature of 18th and 19th Century dams and other industrial sites, a time when the massive timbers of old-growth forests were still plentiful. The timbers provided the strength required for earthen dam construction (Robinson 2006) . Recognized as an unusually well-preserved historic structure, the crib dam was archaeologically documented as part of a project to build a new bridge and dam across Little Rockfish Creek and restore Hope Mills Lake (Robinson 2006) .
The log crib dam is part of a larger dam associated with one of the early textile mills of south-central North Carolina. The mill and dam were constructed in 1839 by the Rockfish Manufacturing Company. The dam site was originally selected because this stretch of Little Rockfish Creek was deeply incised into relatively stable clay subsoil. Two rectangular crib structures made of longleaf pine logs were set into the creek bed then connected, eventually creating a structure that measured approximately 24 m in length and 12 m in width, with planks covering the log crib structure (Robinson 2006) . One of the dams illustrated in a 19th Century guide to dam construction (Leffel 1874 ) is similar to the crib dam at Hope Mills, and shows the log structure, the plank covering, and the overlying fill (Figure 2) . The earthen dam with the cribbed interior remained in use from 1839 until the 2003 flooding event, with the earthen portion of the dam heightened in the late 19th Century to add a cut timber spillway and dam, and later a concrete spillway.
The exhumed crib dam afforded a rare opportunity for us to collect complete crosssection samples from old-growth longleaf pine trees that are now very rare on the 21st Century landscape. Our research had several objectives: (1) crossdate the tree rings from logs on the crib dam to develop a multi-century floating chronology, (2) externally crossdate and therefore anchor this chronology absolutely in time with another chronology developed from nearby living longleaf pine trees, and (3) examine the climate response of local longleaf pines using the final combined treering chronology.
STUDY AREA
The study site is located in the town of Hope Mills in south-central North Carolina on the Atlantic Coastal Plain (Figure 3 ). The Coastal Plain is a region of low local relief that ranges from sea level to 90 m elevation and contains a high density of river networks (Fenneman 1938) . Soils are mostly Udults (suborder of Ultisols: low organic-carbon content, reddish-yellow argillic horizons) and Aquults (Ultisols with aquic conditions: soil moisture nearly free of dissolved oxygen because of saturation by groundwater) (McNab and Avers 1994) . In the vicinity of Hope Mills, average monthly temperatures range from 12uC in January to 33uC in July, while monthly precipitation totals range from 7.0 cm in the dry months of October and November to 14.6 cm during the wettest month of July (Southeast Regional Climate Center (SRCC), 2007). Periodic hurricanes contribute to the disturbance regime in North Carolina coastal forests (Boutet and Weishampel 2003; McNab et al. 2004 ). This region also has a high frequency of lightning strikes, causing fires during the presettlement era to occur once every 1 to 3 years (Wright and Bailey 1982; Frost 1998) , thereby making this region one of the most fireadapted ecosystems in the world (Van Lear et al. 2005) .
METHODS

Field Collection
Because we could not sample every log, we prescreened each log and chose to sample those that exhibited longer sequences of narrow tree rings and were structurally sound. We were allowed to remove cross-sections using a chain saw because the old crib dam was going to be disassembled and removed from the site. Crosssections were appropriately labeled and wrapped in plastic shrink-wrap to ensure stability while being transported. We created a local anchored chronology from seven old-growth longleaf pine trees and three tree stumps found on the property of the Big Rockfish Presbyterian Church, located approximately 5 km southeast from the Hope Mills crib dam. Two cores from each tree were extracted with an increment borer approximately 30 cm above ground level and at 180u from each other, while a chain saw was used to obtain complete sections from the stumps of nearby trees that had been damaged by Hurricane Fran in 1996. Core samples were labeled and placed in paper straws before being transported to the laboratory.
Laboratory Methods
Tree cores were allowed to air-dry completely in the straws and were then glued to wooden core mounts with cells vertically aligned to ensure a transverse view of the wood surface. Crosssections and cores were surfaced using progressively finer sandpaper, beginning with 100-grit and ending with 400-grit (Orvis and Grissino-Mayer 2002) . This process produced a wood surface with cellular features clearly defined under 103 magnification for clear ring identification. We drew two radii on each cross-section extending from the pith to the outermost complete ring along which to measure, bypassing particularly eroded and degraded portions of the surface.
Crossdating
We crossdated each tree-ring series against all others (''internal crossdating'') using the skeleton plot technique (Swetnam et al. 1985; Stokes and Smiley 1996) and confirmed our dating with the computer program COFECHA (Holmes 1983; Grissino-Mayer 2001) . The internal crossdating process began by assigning the innermost complete ring on each cross-section the relative year ''1'' and marking every subsequent tenth ring with a mechanical pencil. The skeleton plots helped ensure all rings were identified in the cores taken from living trees, but skeleton plots for tree rings on the cross-sections did not always indicate clear crossdating, especially in the outermost rings.
We then measured the ring widths on all samples to 0.001 mm accuracy with a Velmex measuring stage coupled with MEASURE J2X software. We confirmed the graphical crossdating and relative placements of all tree-ring series using COFECHA, which uses segmented time-series correlation techniques to confirm the temporal placements of all tree rings (Grissino-Mayer 2001). Because crossdating is a ''high-frequency'' process (pattern matching of sequences of individual rings), COFECHA removes all low-frequency trends using both spline-fitting algorithms and autoregressive modeling (Grissino-Mayer 2001) . Such trends could also be caused by natural (e.g. local floods from Little Rockfish Creek that might damage the surface of the timbers) and human (e.g. turpentining and logging) disturbances that otherwise could mask the climate signal desirable for accurate crossdating. We tested consecutive 50-yr segments (with 25-yr overlaps) on each series with a temporary master chronology created from all other series. Crossdating was verified when the correlation coefficient for each tested segment exceeded 0.32 (p,0.01), although coefficients were usually much higher (for example, r.0.51, p,0.0001).
External crossdating was achieved by using COFECHA to compare the undated (''floating'') chronology from the crib dam logs with our anchored longleaf pine church samples. The final suggested placement made by COFECHA had to be convincing both graphically (similar patterns in wide and narrow rings) and statistically (correlation significant at p,0.001) (Grissino-Mayer 2001) . Once confirmed, we assigned calendar years to all rings in the undated series. Crossdating quality was assessed by two statistical descriptors. The average mean sensitivity was used to measure the strength of the year-to-year variability in all series. Values of 0.20 are common for tree-ring data from the southeastern USA (DeWitt and Ames 1978). We also used the average interseries correlation, calculated in COFECHA by averag-ing together the interseries correlation for each series (Grissino-Mayer 2001) .
Standardization
We standardized all series to remove effects from age-related growth trends and possible natural or human disturbances that could add noise to the tree growth series unrelated to the climate signal desired in chronology development (Cook 1987; Fritts 2001 ). An index of growth was created by dividing each ring measurement by the predicted value of growth based on a trend line. Once each individual series was standardized, the final master chronology was created from all treering series from the living and dead old-growth longleaf pine trees from the church and from the Hope Mills crib dam. The indices were averaged by year from all series using the program CRONOL (Cook 1985; Holmes 1992) . Only the portion of the chronology represented by two or more series was statistically evaluated for quality control and final absolute crossdating.
Climate Response
We compared longleaf pine growth with climate via correlation techniques that used North Carolina Climate Division 5 data from the National Climate Data Center (NCDC 2007) . The period for analysis spanned 1940 to 2003. Climate variables analyzed included monthly average temperature, monthly total precipitation, and monthly Palmer Drought Severity Index (PDSI). PDSI is a meteorological index that describes the severity of wet and dry periods and integrates temperature, precipitation, and evapotranspiration as an estimate of soil moisture availability (Palmer 1965) . We computed correlation coefficients between annual growth indices and the three climate variables for a 16-month period (previous year May-current August).
RESULTS
Descriptive Statistics
The average mean sensitivity was 0.29 with the lowest value of 0.23 for HMCDBC2B and highest value of 0.42 for HMCHS02A (Table 1) . This value is within the range of those found for the five longleaf pine data sets held in the International Tree-Ring Data Bank (ITRDB 2005) and for three recently developed longleaf pine chronologies for Texas, Florida, and South Carolina (Henderson 2006 ) (range among eight sites from 0.25 for a site in North Carolina to 0.36 for a site in Georgia). These results indicate the sampled trees were average for this species in their sensitivity to year-to-year environmental fluctuations. The average inter-series correlation for the 39 Hope Mills cores and cross-sections was 0.52 (lowest 5 0.42 for HMCHR03A and HMCDSD2B, n5223 and 136 years, respectively, p,0.001 for both nonetheless; highest r50.64 for HMCHR06B, n5267 years, p,0.0001; Table 1 ). This value is again in the middle of the range of values for the eight longleaf pine sites contained in the ITRDB and those developed by Henderson (2006) (range from 0.42 for a site in North Carolina to 0.60 for a site in Georgia).
Crossdating and Outermost Dates
The Hope Mills longleaf pine chronology was anchored from 1597 to 2003 by combining the anchored longleaf pine samples from Big Rockfish Presbyterian Church with those from the Hope Mills crib dam (Figure 4) . Visibly noticeable narrow rings in the chronology were formed in 1657, 1730, 1755, 1777, 1826, 1837, 1922, 1927, 1946, 1968, 1995 (although the actual magnitudes of the indices vary) and served as marker rings for crossdating (Baillie 1988) . Periods of reduced growth from 1650-1660, 1820-1830, and 1910-1950 were also used in the crossdating process. Crossdating was less consistent from 1725 to 1800 because of low sample depth. The outermost dates for the 12 logs from the Hope Mills crib dam varied from 1750 to 1825. We found one period of clustered dates for seven logs from 1800 to 1820 (Table 2 ). Only one log had an outermost date after 1820 (HMCD5B5A, outermost ring 5 1825). The outermost rings from these samples were not cutting dates because the logs contained decayed and deformed sapwood caused by pressure from burial, and bark was not present to verify the date of tree harvesting.
Climate Response
Temperature from the previous year May and June, and during the current growing season from April to July were negatively correlated (p,0.05) to longleaf pine tree growth from 1940 to 2003 ( Figure 5 ). Tree growth responds positively to precipitation during May of the current growing season, but negatively to wet conditions in July of the previous year and August of the current year. The most significant relationship between tree growth and climate was found using PDSI, which showed positive responses to overall wet conditions in the late spring and early summer of the current growing season. Longleaf pines growing on the coastal plain of North Carolina grow best when spring temperatures are cool and spring rainfall is abundant. Low rainfall amounts during spring exacerbated by high temperatures likely result in reduced growth. 
DISCUSSION
The chronology developed from the cores and cross-sections taken from the Big Rockfish Presbyterian Church (n510) overlapped with the logs collected from the Hope Mills crib dam (n 5 12) for 99 years from 1727 to 1825. Many correlations for the 50-year segments for series from the crib dam during this period were statistically insignificant (r,0.32, p.0.01) because the outermost rings from these series were highly eroded and distorted by burial. A longer overlap with a larger sample depth is desirable and would have strengthened the crossdating of samples between the old-growth longleaf pine trees at Big Rockfish Presbyterian Church and the Hope Mills crib dam. Nonetheless, some correlations for these 50-years segments from the crib dam were statistically significant during the period of overlap (e.g. HMCDSF4A, HMCDED3A, and HMCDED3B; Table 2 ), and nearly all correlations were positive, signifying greater agreement among the series than disagreement.
Ideally, additional samples should be collected that will help strengthen the agreement between the living trees and the buried logs during the period of overlap. We identified three potential sources of such wood. First, abutment timbers of a plank road were found in Hope Mills near the lake, one of five plank roads (known as the ''Fayetteville and Southern Plank Road'' built ca. 1849-1850) that connected the nearby ''hub'' town of Fayetteville to other parts of the state before rail lines were constructed (Robinson 2006) . Plank roads were made of pine and these timbers are in an excellent state of preservation, likely because of their high resin content. Second, wooden pilings and timber supports of a railroad trestle that once spanned Little Rockfish Creek on the northern end of Hope Mills Lake (100 m to the east of the modern railroad bridge) are present in the creek and on both creek banks. Inspection revealed these timbers to be old-growth longleaf pines, many with well over 250 rings. Finally, the many stumps left over from building these structures and others in Hope Mills in the 1800s literally dot the former shoreline of the lake and former floodplain of Little Rockfish Creek. Many of the stumps show felling by axes, some show evidence of turpentining, and all are in excellent condition.
In addition to the distorted rings in the sapwood of the crib dam logs, the overall ring patterns from the longleaf pines may have been further affected in previous decades by a significant human-caused disturbance that would not be visible on logs used in the crib dam construction. From the mid-18th Century until the middle of the 19th Century, North Carolina was one of the largest New World producers of gum naval stores and turpentine from longleaf pines (Perry 1968; Robinson 1988 Robinson , 1991 Gerrell 1998; Butler 1998; Grissino-Mayer et al. 2001) . To collect resin, workers would use an ax to create a cavity or ''box'' at the base of the pine tree trunk, then ''chip'' or streak away bark, phloem, and outer xylem above the box to induce flow of resin outside the cut area and downward to the box where resin was collected (Frost 1993; Butler 1998; Grissino-Mayer et al. 2001) . It is very likely that the trees used in the crib dam were previously used for producing resin before they were harvested, because all boxed trees would later be logged once they no longer produced resin (Butler 1998) . Some longleaf pine stumps that currently sit in the original floodplain showed clear signs of being used for gum naval stores production ( Figure 6 ). The trees had been cut above the boxed and chipped area, verifying that this disturbance would not be visible on the logs of the crib dam. Pine trees could produce resin for many years, and could also be chipped two or even three times in their lifetime. The lower but still statistically significant correlations for many 50-year segments from the crib dam logs could reflect the effects of human-caused disturbances to these trees. Furthermore, the weakened state of these pine trees would have made them vulnerable to other local disturbances and less responsive to climate, which would further lower the strength of crossdating for the crib dam logs.
The outermost dates for rings of the longleaf pine crib dam logs are not cutting dates because of the physical weathering and erosion of bark and sapwood on the buried logs during the past two centuries. The pressure of overlying sediment and impounded water and the movement of water and sediment in suspension abraded the sapwood, resulting in the loss of bark and outer xylem rings. The sapwood was intact on many of the logs but remained structurally unstable. We measured these rings nonetheless but found these rings problematic for crossdating. Had historical documentation not been available, the outer dates for the crib dam logs would have indicated the dam was constructed sometime after 1825, the youngest ring on any log (sample HMCDSB5A). Rockfish Manufacturing Company was incorporated in 1837 and the mill and dam were completed by 1839 (Robinson 2006) . The cotton mill was likely operating by early 1840, so the logs were likely cut sometime in late 1837 or sometime during the year of 1838. Our dendrochronological analyses therefore corroborate the information found in the historical documents, although not with the precision that we had hoped for because the exact cutting dates of the logs could not be determined.
We found that radial growth of longleaf pines from the church site responds favorably to cool, wet springs and moderate summers, results similar to those found for southern yellow pines elsewhere in the southeastern U.S. (Devall et al. 1991; Grissino-Mayer and Butler 1993; Henderson 2006) . Longleaf pines are more sensitive to warm summer temperatures when evapotranspiration rates are higher and the effects of precipitation are more limited. Although oceanic effects tend to moderate coastal temperatures, the coastal plain region around Fayetteville, North Carolina, can experience temperatures of 38uC anytime from early May until late September (SRCC 2007) , with average summer temperatures of 32uC. High temperatures and abundant rainfall in the previous year's growing season precondition growth in the following year by causing growth reduction and a tree ring narrower than average. The trend of statistically significant, positive correlations between longleaf pine growth and PDSI in the spring and summer months confirm the integrative response by these pines to both precipitation and temperature. Although the living longleaf pines indicate that a climate reconstruction may be possible, interpretations of past climate from logs used in the crib dam should be mindful of the possible effects of human disturbances on these logs, although averaging the growth indices from these logs by year during the standardization process could minimize these effects.
